The dystonias are a group of disorders defined by sustained or intermittent muscle contractions that result in involuntary posturing or repetitive movements. There are many different clinical manifestations and causes. Although they traditionally have been ascribed to dysfunction of the basal ganglia, recent evidence has suggested dysfunction may originate from other regions, particularly the cerebellum. This recent evidence has led to an emerging view that dystonia is a network disorder that involves multiple brain regions. The new network model for the pathogenesis of dystonia has raised many questions, particularly regarding the role of the cerebellum. For example, if dystonia may arise from cerebellar dysfunction, then why are there no cerebellar signs in dystonia? Why are focal cerebellar lesions or degenerative cerebellar disorders more commonly associated with ataxia rather than dystonia? Why is dystonia more commonly associated with basal ganglia lesions rather than cerebellar lesions? Can answers obtained from animals be extrapolated to humans? Is there any evidence that the cerebellum is not involved? Finally, what is the practical value of this new model of pathogenesis for the neuroscientist and clinician? This article explores potential answers to these questions.
INTRODUCTION
The dystonias are a heterogeneous collection of disorders defined by sustained or intermittent muscle contractions that result in involuntary posturing or repetitive movements (Albanese et al., 2013) . The defining features of the dystonias involve the nature of abnormal movements, not the molecular or neuropathological causes. The abnormal movements of the dystonias have varied clinical expressions which are classified according to four dimensions that include the body region involved, the age at onset, temporal aspects of symptoms, and whether or not there are associated neurological features (Table 1) .
The varied clinical manifestations of dystonia also have many different causes (Tables 2-3) . These causes are classified according to two dimensions, including evidence for heritability and/or structural pathology of the nervous system (Albanese et al., 2013 . Many genes have been identified, and each is associated with a distinct clinical phenotype (Tanabe et al., 2009 , Gasser and Asmus, 2010 , Bragg et al., 2011 , LeDoux, 2012 , LeDoux et al., 2013 , Lohmann and Klein, 2013 . Structural pathology causing dystonia also varies considerably. Lesions may be inherited or acquired, focal or diffuse, obvious enough to be seen on routine imaging studies, or sufficiently subtle to require functional imaging or detailed histological assessments (Neychev et al., 2011) .
The marked heterogeneity of clinical syndromes and biological causes raises the obvious question regarding why the dystonias are grouped together as a family. Despite the heterogeneity, they share clinical features of involuntary over-activity of multiple muscles (Albanese et al., 2013) . They also share certain biological features (Defazio et al., 2007 , Bragg et al., 2011 , LeDoux et al., 2013 . At the genetic level, for example, one mutation can cause several different clinical phenotypes affecting different body parts at different ages and with different temporal evolution. This observation demonstrates that a single etiology can cause multiple different but related phenotypes. At the physiological level, a common finding across many etiologically unrelated dystonias is an alteration in the normal balance between inhibitory and excitatory processes (Quartarone and Hallett, 2013) . This observation suggests that there may be shared systems-level abnormalities, despite differences in the original trigger. The differences and similarities are conceptualized by a model similar to those for other neurological diseases, where multiple different etiologies ultimately share some final common pathway(s) to produce the final outcome ( Figure 1 ). In this model, all types of dystonia do not follow the same pathways of pathogenesis. Instead, specific subgroups of dystonia may share certain biological defects at the molecular, cellular, physiological, or anatomical levels.
At the anatomical level, dystonia traditionally has been ascribed to dysfunction of the basal ganglia. However, more recent evidence has pointed also to the cerebellum (Neychev et al., 2011 , Avanzino and Abbruzzese, 2012 , Sadnicka et al., 2012 , Filip et al., 2013 , Lehericy et al., 2013 , challenging traditional concepts that the basal ganglia always play the dominant role. Since the role of the basal ganglia has been addressed many times already by others (Berardelli et al., 1998 , Perlmutter and Mink, 2004 , Hallett, 2006 , Peterson et al., 2010 , the current review focuses on the emerging evidence for the cerebellum, and how this emerging evidence might be accommodated with evidence already accumulated for the basal ganglia.
Evidence for Involvement of the Basal Ganglia
Dystonia historically has been attributed to dysfunction of the basal ganglia and its connections. The evidence supporting a role for the basal ganglia is strong and has been reviewed many times (Berardelli et al., 1998 , Perlmutter and Mink, 2004 , Hallett, 2006 , Peterson et al., 2010 . Herz was among the first to catalog autopsy findings in various acquired forms of dystonia. Although overt lesions are uncommon in most forms of dystonia, they are most common in the putamen, caudate, and pallidum (Herz, 1944) . These autopsy findings later were corroborated by others (Hedreen et al., 1988, McGeer and McGeer, 1995) . The autopsy findings also were confirmed by clinical neuroimaging surveys, where focal lesions frequently were found in the basal ganglia or its connections (Marsden et al., 1985 , Pettigrew and Jankovic, 1985 , Obeso and Gimenez-Roldan, 1988 , Bhatia and Marsden, 1994 .
Even when obvious lesions were not evident with histopathological or clinical imaging methods, basal ganglia abnormalities frequently were found via other imaging methods including positron emission tomography (PET) studies of regional metabolic activity detected with [ 18 F]-fluorodeoxyglucose uptake or regional blood flow, voxel-based morphometry (VBM), functional MRI (fMRI), and diffusion tensor imaging (DTI). These studies also have been reviewed in detail (Niethammer et al., 2010 , Neychev et al., 2011 , Zoons et al., 2011 , Lehericy et al., 2013 . The basal ganglia also are implicated by neurosurgical studies showing that dystonia improves in patients following lesions or deep brain stimulation of the internal segment of the globus pallidus or pallidotomy (Gross, 2008 , Vidailhet et al., 2012 , Moro et al., 2013 . Finally, animal studies implicate the basal ganglia in dystonia, since manipulations of various portions of the basal ganglia can induce dystonia (Jinnah et al., 2005 , Guehl et al., 2009 ). Thus there is strong convergent evidence from many sources that the basal ganglia play an important role in dystonia. However, the basal ganglia may not be the cause for all types of dystonia.
Evidence for Involvement of the Cerebellum
The evidence pointing to the basal ganglia as a cause for dystonia is strong, but there has been increasing appreciation that other brain regions are involved, particularly the cerebellum. This evidence also has been reviewed (Neychev et al., 2011 , Avanzino and Abbruzzese, 2012 , Sadnicka et al., 2012 , Filip et al., 2013 . Similar to the case for the basal ganglia, autopsy and clinical imaging studies have linked some subtypes of dystonia with focal lesions of cerebellar circuits (Neychev et al., 2011, Zoons and , and recent studies have shown subtle defects in cerebellar Purkinje cells in autopsy specimens from patients with cervical dystonia (Ma et al., 2012 , Prudente et al., 2012 . The same functional imaging studies that revealed abnormalities in the basal ganglia very frequently simultaneously revealed abnormalities in the cerebellum, and in some cases the cerebellar changes were greater than those in the basal ganglia (Odergren et al., 1998 , Hutchinson et al., 2000 , Delmaire et al., 2007 , Thobois et al., 2008 , Argyelan et al., 2009 ). These cerebellar abnormalities originally were interpreted as secondary compensatory changes to causal pathology in the basal ganglia, but more recent re-interpretations suggest the cerebellar abnormalities may be causal (Argyelan et al., 2009, Carbon and ).
Human physiological studies also have revealed subclinical abnormalities of eyeblink conditioning in focal dystonia (Teo et al., 2009) and saccadic adaptation in DYT11 dystonia (Hubsch et al., 2011) . These functions are intrinsic to the cerebellum, and they cannot be readily ascribed to basal ganglia dysfunction (Avanzino and Abbruzzese, 2012, Sadnicka et al., 2012) . It also has been proposed that cerebellar dysfunction underlies defects in sensorimotor integration or maladaptive plasticity (Neychev et al., 2011, Quartarone and . Moreover, cerebellar modulation of motor cortex excitability is reduced in patients with focal hand dystonia (Brighina et al., 2009) . Some surgical studies also suggest involvement of the cerebellum, since dentatectomy (Hitchcock, 1973 , Davis, 2000 or deep brain stimulation of regions of the thalamus receiving cerebellar afferents can relieve dystonia in some cases (Fukaya et al., 2007 , Goto et al., 2008 , Morishita et al., 2010 , Hedera et al., 2013 . Finally, there is strong evidence from animal models that abnormal activity of the cerebellum can cause dystonia (LeDoux et al., 1993 , LeDoux et al., 1995 , Pizoli et al., 2002 , Xiao and Ledoux, 2005 , Neychev et al., 2008 , Calderon et al., 2011 , Alvarez-Fischer et al., 2012 , Raike et al., 2012 . Similar to results for the basal ganglia, there is strong convergent evidence that the cerebellum plays an important role in dystonia.
Top Ten Questions Regarding A Role for the Cerebellum in Dystonia
The emerging evidence regarding a role for the cerebellum has led to the view that dystonia is a network disorder that involves both the basal ganglia and cerebellum, and perhaps other regions too. This new model for the anatomical pathogenesis of dystonia has raised many questions. The purpose of this section is to address the most obvious questions aimed at relatively newer concepts incorporating the cerebellum in a model for the pathogenesis of dystonia.
1. If dystonia arises from cerebellar dysfunction, then why are there no cerebellar signs in dystonia?-If dystonia arises from cerebellar dysfunction, then concomitant "cerebellar signs" might be expected in patients with dystonia. In clinical neurology, the most commonly recognized cerebellar signs include ataxia and ocular nystagmus. These signs may occur in patients with various types of dystonia, but they are uncommon. The paucity of overt cerebellar signs questions the existence of cerebellar dysfunction underlying dystonia.
On the other hand, action-induced tremors are very common in dystonia. In fact, tremor is so common that it is the only neurological sign that is permitted in the current definition of "isolated dystonia" (Albanese et al., 2013) . The frequency of tremor varies from 5-60%, depending on how it is defined and assessed (Quinn et al., 2011 , Elble, 2013 . Tremors can occur within the same body region affected by dystonia, or in another body part. Tremors can be irregular and jerky, or more regular and sinusoidal. The relationship between tremor and dystonia currently is a controversial matter, with some evidence suggesting they are two distinct but commonly co-morbid disorders and other evidence suggesting they are different manifestations of the same disorder (Hedera et al., 2010 , Quinn et al., 2011 , Schiebler et al., 2011 , Elble, 2013 , Pita Lobo et al., 2013 . In either case, many studies have linked actioninduced tremors with dysfunction of circuits involving the cerebellum and inferior olives (Raethjen and Deuschl, 2012) . If tremor is a cerebellar sign, then cerebellar signs are common in dystonia.
Other cerebellar signs also occur in dystonia, although they are not overtly apparent in traditional clinical examinations. One of these is eye blink conditioning, a phenomenon that is reliant solely on cerebellar networks (Hopp and Fuchs, 2004 , Gerwig et al., 2007 , Thompson and Steinmetz, 2009 ). This phenomenon is elicited by applying a puff of air to the cornea (unconditioned stimulus) to induce a reflexive blink. The puff is paired repeatedly with an auditory tone (conditioned stimulus). After repeated pairings, the tone elicits a blink without the puff. Eye blink conditioning is less robust among patients with cervical and focal hand dystonia, suggesting an intrinsic cerebellar defect (Teo et al., 2009 , Hoffland et al., 2013 .
Another phenomenon mediated exclusively by the cerebellum that is abnormal in dystonia is saccadic adaptation (Hopp and Fuchs, 2004, Gerwig et al., 2007) . In a saccadic adaptation task, a subject is asked to make a saccade towards a target to one side. However, the target is moved slightly during the saccade, resulting in the eye missing the target. The individual then must make a second corrective saccade to reach the target. With repeated trials, the individual learns to adjust the first saccade so that a second one is no longer necessary. Saccadic adaptation is abnormal in patients with the myoclonus dystonia syndrome, revealing another cerebellar sign in dystonia (Hubsch et al., 2011) . In summary, some cerebellar signs are common in dystonia (tremor, and motor learning involving eye blink conditioning and saccadic adaptation), while others are uncommon (ataxia and ocular nystagmus).
2. If dystonia arises from cerebellar dysfunction, then why do focal cerebellar lesions more commonly cause ataxia, not dystonia?-Focal lesions of the cerebellum or its outflow pathways are most often associated with ataxia, not dystonia. One explanation for why cerebellar lesions cause ataxia and not dystonia may involve the nature of the lesion and its consequences ( Figure 2) .
A simple and well-documented illustration of this point involves the consequences of lesions in the primary motor region of the cerebral cortex. Destructive lesions with loss of cortical function result in weakness or paralysis. On the other hand, irritative lesions causing distorted cortical output cause epileptic seizures. Irritative lesions often are not visible with routine clinical imaging studies. In some cases the responsible lesions can be revealed with detailed histological studies. In other cases, the "lesion" is based on a functional defect. Thus lesions of the motor cortex can cause different motor phenotypes, depending on the nature of the lesion and its consequences ( Figure 2 ). This phenomenon is not unique to the cerebral cortex, but also is known to occur in most other regions of the nervous system.
Overt lesions that are most obvious in imaging studies are those that involve loss of cerebellar tissue, such as stroke, and they usually cause ataxia. But what might be the outcome of lesions that are irritative and distort cerebellar output instead? We have proposed that dystonia can result from lesions of the cerebellum that distort, rather than reduce, cerebellar output (Neychev et al., 2011) . Such lesions may result from local irritation, such as hemorrhage, or functional derangements due to compressive effects of mass lesions. Such "lesions" may also be primarily functional, with no overt anatomical abnormality, analogous to epileptic seizures.
This hypothesis regarding a distortion or increase of cerebellar output is consistent with prior literature indicating that cerebellar lesions occasionally may cause dystonia (Neychev et al., 2011) . Such lesions are more likely to be space-occupying lesions such as tumors that compress and distort surrounding cerebellar functions, or hemorrhages that cause a local irritative focus. This hypothesis also is consistent with observations that the vast majority of function-based imaging studies of human dystonia, such as PET studies of fluorodeoxyglucose or blood flow, have revealed increases in cerebellar activity, not decreases (Neychev et al., 2011 , Zoons et al., 2011 . Furthermore, the hypothesis is consistent with the strong relationship between dystonia and tremor, because tremor also is viewed as functional distortion of cerebellar processing. Finally, the distinction between lesions that cause distorted function versus loss of function is consistent with multiple animal studies showing that dystonia arises from distorted cerebellar output, such as an abnormal increase in Purkinje neuron firing or abnormal bursting patterns, rather than loss of output (LeDoux et al., 1993 , LeDoux et al., 1995 , Pizoli et al., 2002 , Xiao and Ledoux, 2005 , Neychev et al., 2008 , Calderon et al., 2011 , Alvarez-Fischer et al., 2012 , Raike et al., 2012 . This hypothesis should be more directly addressed by examining the physiological properties of cerebellar neurons in humans with dystonia.
3. If dystonia arises from cerebellar dysfunction, then why are degenerative cerebellar syndromes associated with ataxia, not dystonia?-Degenerative processes involving the cerebellum, such as the spinocerebellar ataxias (SCAs), are most often associated with ataxia, not dystonia. The explanation is similar to that regarding focal cerebellar lesions. Degenerative loss of cerebellar neurons results in ataxia because of the loss of normal cerebellar function.
However, some degenerative disorders of the cerebellum are associated with dystonia. Dystonia is most prominent in SCA3 (Machado-Joseph disease) but may also occur in SCA1, SCA2, SCA6, ataxia telangiectasia, Freidreich's ataxia, and others (Kuoppamaki et al., 2003 , Le Ber et al., 2006 , Neychev et al., 2011 . In most such cases, dystonia and ataxia occur together, but in some cases, dystonia may be the dominant feature. These observations raise a related question: how can one disease process cause two different motor phenotypes at the same time? One potential explanation is that ataxia results from pathology in the cerebellum and dystonia results from concomitant pathology of the basal ganglia. Another possible explanation is that these diseases simultaneously cause both destructive and irritative lesions in the cerebellum that are separated in time or space.
Most cerebellar degenerations are caused by slowly progressive dysfunction of cerebellar neurons, with the final outcome being degenerative loss of these neurons. However, very little is known about what these neurons are doing before they die and disappear. If they produce distorted output in their pre-agonal state, as often is the case with diseased neurons, it is possible that they may cause dystonia before they disappear and contribute to development of ataxia. If this is the case, then longitudinal studies of such cases might reveal dystonia early in the disease, with progressively more ataxia as the disease progresses.
Additionally, the cerebellum is a large structure, which is somatotopically organized and structurally compartmentalized. In many cerebellar degenerations, different compartments are more seriously affected than others (Manni and Petrosini, 2004, Mottolese et al., 2012) . This relatively selective vulnerability of different cerebellar compartments could result in degenerative loss of cells in a particularly vulnerable region, simultaneous with abnormal function of surviving cells in a less vulnerable region. If this is the case, then cerebellar dysfunction in a single individual might cause ataxia and dystonia in different body regions, and the relative expression of each will be dependent on how far the disease has progressed within the relevant somatotopically associated regions of the cerebellum. This hypothesis could be explored by careful clinico-pathological or clinico-radiological correlation studies in affected individuals with varying degrees of ataxia and dystonia. 4. Why is dystonia more commonly associated with lesions of the basal ganglia, not the cerebellum?-Dystonia traditionally has been associated with overt lesions of the basal ganglia or its connections in autopsy and imaging studies. One of the earliest studies addressing this question involved patients with hemidystonia and it demonstrated that the majority of lesions evident from histopathology or structural imaging studies were in the putamen (Marsden et al., 1985) . This study had an enduring effect, with the conclusions being somewhat uncritically extrapolated to other forms of dystonia. However, the etiological heterogeneity of dystonia is now better appreciated, and more recent studies have shown that the distribution of lesions is not the same for all types of dystonia. For example, the majority of lesions among patients with cervical or craniofacial dystonia involves the cerebellum or brainstem (LeDoux and Brady, 2003, Khooshnoodi et al., 2013) . The concept that dystonia is more commonly associated with lesions of the basal ganglia needs refinement with reference to the type of dystonia in question.
The nature of the lesion and its consequences also must be considered. As emphasized earlier, lesions that cause loss of function have consequences that differ from lesions that cause irritation or distortion of function ( Figure 2 ). Most types of lesions detected by clinical histopathological methods and clinical imaging studies of dystonia are biased towards loss of function such as stroke or degenerative atrophy. Such methods are insensitive to microstructural defects or functional disturbances.
Finally, it is important to acknowledge an important phenomenon in studies that attempt to link focal lesions with dystonia. Following an acute insult to the nervous system, dystonia rarely emerges immediately. Instead, it typically emerges after a delay of several weeks or years (Saint Hilaire et al., 1991 , Ghika et al., 1994 , He et al., 1995 , Scott and Jankovic, 1996 , Palfi et al., 2000 , Kim, 2001 . This delay argues that the lesion itself cannot be causing dystonia by loss of function from the damaged region. Instead, dystonia must arise from some secondary adaptive response to the lesion. The location of this adaptive response is unknown. It may occur in nearby undamaged structures, or it may occur in more remote regions. Thus the lesion method, while used extensively to establish structure-function relationships in clinical neurology, has an unexplained handicap in studies of dystonia. However, studies addressing potential adaptive changes in the brain that occur with the development of dystonia could provide powerful clues to the real source of the problem. Basal ganglia, cerebellum or both? -The new network model has generated some novel questions not anticipated by models focusing exclusively on the basal ganglia (Jinnah and Hess, 2006) . Can dystonia arise from causal pathology in a single node of the network? Is the causal node always the same, or are different nodes responsible for different types of dystonia? Does one node serve as a "final common pathway" leading to dystonia? Does dystonia require combined dysfunction of more than one node, in a "two-hit" model for pathogenesis? Can dystonia arise instead from aberrant communication between nodes ( Figure 3) ?
5.
There is some experimental evidence for each of these scenarios. For example, there are multiple clinical and animal studies suggesting that dystonia may arise from focal lesions or manipulation of the basal ganglia or cerebellum. These observations imply that dystonia may arise from independent pathology in a single node, which is not always the same. Indeed, there are multiple studies that have suggested different types of dystonia do not share the same neuroanatomical pathogenesis (Carbon et al., 2004 , Neychev et al., 2011 , Sadnicka et al., 2013 .
There also is evidence for a two-hit process for pathogenesis. For example, partial interruption of sensory afferents from peripheral nerves combined with dysfunction of the nigrostriatal pathway can result in dystonia (Schicatano et al., 1997) . Similarly, subclinical lesions of the basal ganglia exacerbate dystonia in rodent models where dystonia is triggered by cerebellar dysfunction (Neychev et al., 2008 , Calderon et al., 2011 . Recent studies demonstrating subcortical connections between the basal ganglia and cerebellum have raised the possibility that defective communication may also cause dystonia in some circumstances (Hoshi et al., 2005 . Further studies will be needed to discriminate among these possibilities, and it seems feasible that the many different types of dystonia will not all share the same mechanisms of anatomical pathogenesis.
6. Are animal models useful for exploring abnormal cerebellar function in dystonia?-The vast majority of our knowledge regarding the anatomical substrates responsible for dystonia in humans comes from indirect evidence. Human clinicopathological and clinico-radiological studies linking lesions with dystonia are necessarily correlational, and they cannot establish causal links (Hedreen et al., 1988, McGeer and McGeer, 1988) . The unexplained delays between lesion and symptom development imply adaptive changes that may be far from the original lesion. Human functional imaging studies also are largely correlational, and it rarely is possible to discriminate the regions causing dystonia from downstream compensatory changes (Neychev et al., 2011 , Zoons et al., 2011 . Even results of neurosurgical interventions cannot establish causation, because the effects of local stimulation or lesions of one region are transmitted to other regions (Thobois et al., 2008) , and because of the unexplained delay between intervention and improvement in dystonia (Vidailhet et al., 2012 , Moro et al., 2013 . To prove a causal link between specific brain regions and dystonia, it would be necessary to experimentally manipulate the regions to cause dystonia in otherwise normal individuals. Conversely, it would be necessary to target these same regions to suppress dystonia in affected patients. Such studies cannot be methodically conducted in humans for obvious ethical reasons.
However, such studies can be conducted in animals. Multiple studies in normal primates have shown that dystonic movements can be provoked by various manipulations of different brain regions including the basal ganglia, cerebellum, midbrain, and other regions (Magoun et al., 1935 , Kemberling et al., 1952 , Foltz et al., 1959 , Klier et al., 2002 , Guehl et al., 2009 . Multiple studies in normal rodents also have shown dystonic movements to be induced by manipulating a variety of brain regions (Jinnah et al., 2005, Wilson and . For example, inducing distorted cerebellar output in otherwise normal mice or rats produces dystonia (Pizoli et al., 2002 , Neychev et al., 2008 , Calderon et al., 2011 , Alvarez-Fischer et al., 2012 , Raike et al., 2012 . Conversely, in rodent models with inherited genetic defects, it also has been possible to demonstrate alleviation of dystonia by manipulation of specific brain regions. For instance, chronic generalized dystonia in the Dt rat can be eliminated by surgical ablation of the cerebellum, or targeted ablation of specific cerebellar output nuclei (LeDoux et al., 1993 , LeDoux et al., 1995 . Paroxysmal dystonic movements in tottering mutant mice can be eliminated by surgical ablation of the cerebellum, or by deletion of abnormally functioning Purkinje neurons (Campbell et al., 1999 , Neychev et al., 2008 , Raike et al., 2012 . In both cases, dystonic movements are replaced by ataxic movements, an observation consistent with concepts regarding distorted function versus loss of function of the cerebellum in dystonia versus ataxia. Although these animal studies provide strong evidence that abnormal output from the cerebellum causes dystonia, an obvious question is whether they are relevant to human dystonia.
The cerebellum demonstrates obvious differences across species, most notably its gross structural appearance (Glickstein and Voogd, 1995) . However, there are more similarities than differences, particularly among mammals. The cerebellum is a phylogenetically very old structure with highly conserved similarities across many species including afferent and efferent connectivity, intrinsic laminar structure, physiological properties of cerebellar neurons, and chemical transmitters. At present, there is no compelling evidence that information learned from animals cannot be extrapolated to humans. Therefore, rather than dismiss the evidence from animal studies, it seems more fruitful to take advantage of the unique insights they can provide, and follow up with more targeted studies of humans to either validate or refute the findings (Figure 4, A and B) .
7.
Are results from non-human primates regarding cerebellar involvement in dystonia more trustworthy than results from other animals?-Non-human primates are valuable for disease research because they most closely resemble humans. However, broad use of primates is limited by relatively high expenses, the need for specialized centers for maintenance and testing, and ethical issues related to the application of certain types of experimental manipulations in primates. In addition, genetically modified primate models are not widely available. Because of these difficulties, the use of primates for dystonia research has been limited (Guehl et al., 2009) . Although a variety of pharmacological or surgical manipulations have been reported to induce dystonic movements in non-human primates, most have been reported from a single laboratory, and none of them has been fully validated as a model for dystonia.
In comparison, research involving rodents is less expensive and less encumbered by ethical questions. Rodent research also is more amenable to the expertise available in many laboratories, and genetic manipulations. As a result, the vast majority of research in animals has focussed on rodents (Jinnah et al., 2005 , Oleas et al., 2013 , Wilson and Hess, 2013 . Several rodent models have been rigorously validated for dystonia research, and the most compelling results pointing to the cerebellum have come from rodents. Unfortunately, there are many well-documented examples where research in rodents has led to results that could not be extrapolated to humans . These examples have led to some welldeserved scepticism for rodent models, especially among clinicians. To avoid potential problems related to cross-species translation of results, we have advocated an iterative approach, in which answers to experimental questions obtained from animals are subsequently validated in human studies (Figure 4, A and B) . For example, the concepts regarding a causal role for distorted cerebellar functioning as a cause for dystonia originated from studies of rodents (LeDoux et al., 1993 , Campbell and Hess, 1998 , Campbell et al., 1999 , but they have now been at least partly validated through a variety of human studies including neuroimaging of affected patients (Neychev et al., 2011 , Zoons et al., 2011 , non-invasive physiological studies (Brighina et al., 2009 , Teo et al., 2009 , Hubsch et al., 2011 , Hoffland et al., 2013 , and histopathological studies of brains collected at autopsy (Prudente et al., 2012) . More precise and direct validation studies in humans often are not feasible, so the further development of non-human primates models of dystonia seems valuable to help bridge the gap between rodents and humans ( Figure 4B ). 8. Is there evidence against a role for the cerebellum?-Several types of evidence have been cited as evidence against a role for the cerebellum in dystonia. Examples often cited include studies showing that focal basal ganglia lesions cause dystonia, the ability of dopamine-related drugs to cause dystonia in some circumstances, and disorders such as dopa-responsive dystonia. In these cases, the basal ganglia clearly play a central role in the pathogenesis of dystonia, and there seems little reason to suspect cerebellar involvement. While this evidence provides strong support for a role for the basal ganglia for specific subtypes of dystonia, it does not provide evidence against a role for the cerebellum for others. By the same token, evidence suggesting a role for the cerebellum does not refute a role for the basal ganglia. These two regions are not mutually exclusive in the network model.
What is the practical relevance of the network model for neuroscientists?-
Most of the evidence from human studies supporting a role for the basal ganglia or the cerebellum in dystonia is correlational, and proof of a causal link is limited. More direct evidence is needed to validate concepts derived from indirect human observations ( Figure  4) . Often, the most direct evidence comes from studies of surrogate models, such as animal or tissue culture models.
Traditional concepts regarding a central role for the basal ganglia in dystonia have led to this region being the target of many scientific studies of animal and cell models. In comparison, there are far fewer studies of the cerebellum. For example, there are many electrophysiological studies of the properties of basal ganglia neurons in animal models for dystonia, especially cholinergic and dopaminergic neurons (Centonze et al., 2003 , Pisani et al., 2006 , Pisani et al., 2007 , Martella et al., 2009 , Sciamanna et al., 2012a , Sciamanna et al., 2012b , Oleas et al., 2013 . There are far fewer studies of cerebellar neurons in dystonia models , Chen et al., 2009 . Similarly, there are many pharmacological and biochemical studies of basal ganglia pathways in animal models (Jinnah et al., 1992 , Jinnah et al., 1994 , Balcioglu et al., 2007 , Grundmann et al., 2007 , Zhao et al., 2008 , Hewett et al., 2010 , Page et al., 2010 , Lange et al., 2011 , Dang et al., 2012 , Song et al., 2012 , Song et al., 2013 , but comparatively few for cerebellar pathways (Fureman et al., 2002 , Fureman and Hess, 2005 .
The ideal strategic development of a tissue culture model for dystonia obviously involves the type of cell selected as the model. To date, most culture models have aimed at non-neuronal cells, neuroblastoma lines, or dopamine-like neurons (Gonzalez-Alegre et al., 2005 , Hewett et al., 2006 , Granata et al., 2009 ). There are no culture models relevant to dystonia based on cerebellar neurons. Considering that the pathogenic effects of gene defects and other triggers for dystonia are likely to be specific to selected neuronal populations, the development of more targeted tissue culture models seems important. In general, the paucity of information regarding the cerebellum and its neurons in animal and cell models of dystonia provides fruitful grounds for further basic studies.
10. What is the practical relevance of the network model for clinical scientists?-Current treatments of dystonia are mostly symptomatic and not always effective. More definitively identifying the source of the problem is useful for the development of new treatment strategies that control or eliminate symptoms more completely. For instance, deep brain stimulation of the internal segment of the globus pallidus works for some, but not all patients, with dystonia, and the reason for the different outcomes remains unclear. Perhaps better results in some cases might be achieved by targeting other circuits. Indeed, several studies have suggested that targeting the cerebellar receiving zone in the thalamus may be particularly effective for certain types of dystonia (Fukaya et al., 2007 , Goto et al., 2008 , Morishita et al., 2010 , Hedera et al., 2013 . Additionally, non-invasive transcranial stimulation of the cerebellum has been reported to temporarily attenuate the severity of dystonia (Brighina et al., 2009 , Bradnam et al., 2013 . Whether different stimulation paradigms might have a more potent and enduring effect remains to be explored.
Novel pharmacological interventions also depend on the neurochemical functionality of the putative brain region where abnormalities arise. While there are remarkably effective drugs for specific types of dystonia arising from basal ganglia dysfunction, such as levodopa in dopa-responsive dystonia, there has been limited success with drugs for most other types of dystonia . A broader view that considers the neurochemical properties of cerebellar or other regions may point to alternative pharmacological targets for dystonia. In summary, the development of novel surgical and pharmacological treatment strategies for dystonia both rely on conceptual models regarding its anatomical substrates. The new network model opens the door to rational design of multiple new therapeutic strategies that would never be considered with traditional models of pathogenesis that focus only on the basal ganglia.
Looking ahead
Decades of research focussing on the basal ganglia have generated a wealth of information regarding the pathogenesis of dystonia. The network model involving the cerebellum is a relatively new concept that is still in evolution, and it has generated more questions than answers. In fact, some investigators have criticized the model as being inconsistent with traditional knowledge, or questioned the need for a new model (Sadnicka et al., 2012) . Any good conceptual model should be compatible with existing knowledge. As summarized above, the new network model is consistent with traditional knowledge. Indeed, it provides a broad conceptual paradigm that accommodates results from prior clinical and animal studies that have pointed either to the basal ganglia, cerebellum or both (Figure 3) . Future efforts to understand the pathogenesis of dystonia are not well served by over-simplistic conceptual models that view a complex problem through a lens that is too narrowly focussed on a single brain region.
Any good conceptual model also should be useful to scientists and clinicians. As noted above, the new model is useful in guiding novel experimental questions and pointing towards novel therapeutic strategies. Perhaps most importantly, any novel model should be testable and should stimulate novel ideas. Indeed, the new model generates a number of testable hypotheses that can be the target of future research.
Perhaps the last question that needs to be addressed is whether or not we are ready for clinical interventions targeting the cerebellum. In view of the available evidence regarding the role of the cerebellum in dystonia, combined with the paucity of effective treatments for many types of dystonia, it is tempting to consider whether interventions more directly targeting the cerebellum might be worthwhile. Enthusiasm for human studies must be tempered by the fact that the most compelling evidence implicating the cerebellum in dystonia so far has come from rodent studies. There are no results from non-human primates addressing the value of cerebellar interventions in dystonia, and the available studies of humans are largely anecdotal. All of the evidence from humans pointing to the cerebellar receiving zone in the thalamus for certain types of dystonia comes from individual case reports or small retrospective series of cases (Fukaya et al., 2007 , Goto et al., 2008 , Morishita et al., 2010 , Hedera et al., 2013 . Additionally, reports of improvement in cervical dystonia following removal of a posterior fossa meningioma are anecdotal (Krauss et al., 1997) . The report of resolution of upper limb dystonia following treatment of a tuberculous mass of the cerebellum in one case is similarly anecdotal (Alarcon et al., 2001) .
Although the available evidence is provocative, it is quite limited when considering humans and non-human primates, so interventions targeting the cerebellum as a treatment for patients with dystonia seem premature. However, it is clear that more methodical studies in non-human primates or carefully designed clinical trials in select patient populations with dystonia must be considered.
Highlights
• There is increasing evidence that dystonia is a network disorder involving multiple brain regions Conceptual model for accommodating differences and similarities among the many different types of dystonia. The basic concept for pathogenesis involves a series of events at the molecular, cellular, anatomic, and/or systems levels (A). In dystonia, pathological changes associated with an array of initial insults may converge in shared downstream pathways to produce the final syndrome. Some may converge at the molecular or biochemical levels, for example by affecting the same neurotransmitter system (B). Others may converge at the cellular level, by affecting the same type of cell to cause dystonia (C). Still others may converge at higher biological levels, such as physiological or anatomical pathways. Presumably, of these pathways converge at some final common pathway that produced excessive involuntary muscle contractions common to all dystonias. However this is a conceptual model only, and it remains feasible that there are multiple entirely independent pathways that produce a similar final phenotype. Different consequences of cerebellar lesions. Lesions of the cerebellum may cause different phenotypes depending on the nature of the lesion and its consequences. Normal cerebellar structure and output from the cerebellum result in normal patterns of movements (A). Decreased cerebellar output due to cerebellar atrophy (B) or stroke (C) may cause ataxia. In contrast, irritative lesions causing distorted cerebellar output (represented in red) may lead to dystonia (D). The network model for dystonia. Normal movements are known to require combined action of distinct motor systems including the motor cortex, basal ganglia, cerebellum, and brainstem (A). Dystonia may arise from dysfunction of one, or another node in the network (B). Dystonia may alternatively require abnormal communication between nodes (C), or dysfunction of both nodes as proposed by the two-hit hypothesis (D). In the diagram above, dysfunction in any part of the network is represented in red. Contributions of human and animal studies. Both human and animal studies are required to provide a complete view of the pathogenesis of dystonia. Clinical observations and results from human studies can be used to guide experimental questions and hypotheses when designing animal studies (A and B) . On the other hand, findings from animal studies can be applied in human research to validate or refute conceptual models as well as to aid in the development of more targeted interventions (A and B). To avoid potential problems related to cross-species translation of results, we propose an iterative approach, in which answers to experimental questions obtained from simple models are verified in more advanced animal models, and subsequently validated in human studies (B). For example, results from rodents or fruit fly studies can be verified first in nonhuman primates before validation in humans. Similarly, findings from cell culture models can be tested in rodents before application to human studies. Some known acquired causes of dystonia 
